Nesse trabalho é reportada a possibilidade de usar diferentes mediadores tais como acetaminofeno, 4-aminofenol, 4-amino-2,6-diclorofenol e 4-amino-2,6-difenilfenol para detectar glutationa usando eletrodo de pasta de nanocarbono. A detecção é baseada na resposta eletrocatalítica envolvendo quinoneiminas geradas eletroquimicamente e a glutationa. O 4-aminofenol é o recomendado como sendo o mediador mais sensível visto que o limite de detecção obtido para glutationa 0,80 µmol L −1 foi o menor.
Introduction
Glutathione is the most prevalent cellular thiol and the most abundant low-molecular-weight peptide present in cells. In the human body, the antioxidant properties of glutathione are well recognized. 1 Glutathione acts as an antioxidant, participating in detoxification for xenobiotics and metabolism of numerous cellular compounds. 2, 3 Changes in glutathione concentration at the cellular level have been measured and linked to diseases such as cardiovascular diseases, aging, Parkinson's disease, Alzheimer's disease, diabetes and cancer. [4] [5] [6] [7] Currently, the most popular method of detection of glutathione is based on high performance liquid chromatography (HPLC) because of its high sensitivity and selectivity. [8] [9] [10] However, HPLC based methods have some disadvantages such as low response, the need for sample preparation, high cost and complaints of use. Electroanalytical methods 11 have also been cited using modified electrodes 12, 13 and mediators. [14] [15] [16] The purpose of this paper is to identify a range of different mediators that can be used to detect glutathione using a nanocarbon paste electrode. One of these mediators is acetaminophen and its reaction with glutathione is based on electrocatalytic response involving the electrochemically generated ortho-quinone and the target (Scheme 1). 16 Similar mechanisms undergo the use of the other mediators studied in this paper.
The use of nanocarbon as an electrode material has recently been proposed offering similar advantages to other carbon electrodes but at close to zero cost. [17] [18] [19] [20] The advantages of using nanocarbon as an alternative electrode modifier for use in adsorptive stripping voltammetry were reported by Lo et al.. 17 In this case, the nanocarbon particles were cast onto a glassy carbon electrode. Lowinsohn et al. 18 investigated the electrochemical behaviour of nanocarbon paste electrodes prepared by mixing nanocarbon and mineral oil.
In this paper, we explore the electrocatalytic reaction between different mediators in order to detect glutathione using unmodified and modified nanocarbon paste. The electrocatalytic reaction between catechol and glutathione, cysteine, homocysteine and ascorbic acid using nanocarbon paste electrodes were investigated in a previous paper.
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Experimental section
Chemicals
Acetaminophen or paracetamol (C 8 H 9 NO 2 , Aldrich, 98%), glutathione (C 10 H 17 N 3 O 6 S, Sigma-Aldrich), potassium phosphate dibasic (K 2 HPO 4 , Aldrich), potassium phosphate monobasic (KH 2 PO 4 , Sigma), nanocarbon particles (diameter 27 ± 10 nm, Monarch 430 ® , Cabot Performance), mineral oil (Aldrich) were used as received without further purification. Phosphate buffer solution (PBS) was prepared using the adequate amount of K 2 HPO 4 and KH 2 PO 4 salts. All solutions were prepared using deionised water of resistivity not less than 18.2 MW cm at 25 °C (Millipore, Billerica, MA, USA). Prior to experiments, all solutions were purged through nitrogen (N 2 , BOC, Surrey) to remove oxygen from the system.
Instrumental
All electrochemical experiments were conducted at (25 ± 1) °C using an Autolab (Eco Chimie, Utrecht, The Netherlands), with a standard three-electrode configuration consisting of nanocarbon or nanocarbon-acetaminophen paste as a working electrode, a graphite rod as a counter electrode and a saturated calomel electrode (SCE) as reference electrode. All experiments were performed at least three times.
Preparation of nanocarbon and nanocarbon-acetaminophen paste electrode Nanocarbon paste: the carbon paste was prepared by hand pasting nanocarbon with mineral oil (55:45) using a pestle and mortar. 18 The pastes were kept at room temperature until used.
Nanocarbon-acetaminophen pastes: acetaminophen solution was prepared with a certain amount (ca. 10 mg) of solid acetaminophen dissolved in acetone. Acetaminophen is not soluble in mineral oil so acetone is employed to initially dissolve it. Nanocarbon-acetaminophen paste electrodes were prepared by hand pasting nanocarbon with mineral oil and an aliquot of acetaminophen solution using a pestle and mortar.
For both pastes, unmodified and acetaminophenmodified, the material was packed into the well of the working electrode to a depth of 1 mm (Scheme 2). The surface exposed to the solution was polished using a weighing paper to give a smooth finish before use. The body of the working electrode was a Teflon tube tightly packed with the carbon paste. The electrical contact was provided by a copper wire.
Results and Discussion
Electrochemical behaviour of acetaminophen in a presence of glutathione at nanocarbon paste electrode Acetaminophen (APAP) is electrochemically oxidized in a pH-dependent, 2-electron, 2-proton process to N-acetyl-p-quinoneimine (NAPQI) ( Figure 1 , curve a). In a previous paper, 18 we characterized the electrochemical behaviour of acetaminophen at nanocarbon paste electrode, obtaining the formal potentials and kinetics parameters for the acetaminophen oxidation using BASi DigiSim Simulation Software.
In order to investigate the characterization of the reaction between the electrochemically generated quinone and glutathione, an experiment was carried out at a nanocarbon paste electrode using cyclic voltammetry (100 mV s −1 ). Figure 1 shows the cyclic voltammograms obtained in acetaminophen solution in absence (curve a) and presence of 50 mmol L −1 (curve b) and 100 mmol L −1 of glutathione (curve c). Figure 1 , curve a, shows the oxidation of acetaminophen and the addition of glutathione (curves b and c) led to an increase in the height of the oxidation peak and a decrease in the magnitude of the reduction peak indicating an electrocatalytic reaction (Scheme 1). 16 In this reaction, the acetaminophen undergoes an electrochemical oxidation to form quinone, which mediates the reduction of glutathione species, RSH, to a disulfide, RSSR. An analytical curve was obtained by plotting oxidation (Figure 2a ) and reduction peak (Figure 2b ) current against the concentration of glutathione. The results show that it is possible to quantify glutathione in both situations, but in the case of reduction peak, the detection is limited by the initial concentration of acetaminophen.
To increase the sensitivity of glutathione detection, square wave voltammetry was utilized. The experiment was carried out in the presence of 10 µmol L −1 acetaminophen (PBS, pH 7.5) using frequency at 10 Hz, step potential at 15 mV and amplitude at 50 mV. Figure 3 )), showing that the best way to quantify glutathione is to use the reduction. The limit of detection calculated using reduction peak was (0.96 ± 0.03) µmol L −1 .
Acetaminophen in nanocarbon paste: a reagentless approach
A possible useful alternative to the method reported above is the use of acetaminophen mixed with nanocarbon paste to create a reagentless sensor. In this case, the experiment requires only the presence of the target to provide a signal and after polishing the paste and washed free of analyte, the sensor is ready for reuse. Different percentages of acetaminophen dissolved in the paste (0.3, 0.6, 1, 2, 4 and 10%) were used to make the paste electrode. Figure 4 shows cyclic voltammetric responses for 1% nanocarbon-acetaminophen paste in PBS (pH 7.5) at 100 mV s −1 . In this case, similar electrochemical behaviour to acetaminophen in solution was observed. Three scans with the same paste are presented in Figure 4 , showing that the electrode surface area is not reproducible (standard deviation is between 51 to 66%); this is probably due to the low amount of acetaminophen in the paste generating limited homogeneity. Because of this irreproducible signal from electrode to electrode, the absolute height of the oxidation or reduction peak cannot be used (without standard additions). To solve this problem, we decided to measure the ratio between the oxidation (I o ) and reduction (I r ) peak currents instead of working with absolute current values. Using this method, the standard deviation was 3% (n = 9). (4%) and (23.8 ± 1.2) µmol L −1 (10%). These results show that the nanocarbon-acetaminophen paste electrode is efficient to quantify glutathione. This modified paste electrode has the advantage that is a reagentless sensor in comparison of nanocarbon paste electrode. However the latter, using acetaminophen in solution, gives a lower limit of detection.
Electrochemical behaviour of 4-aminophenol in the presence of glutathione at nanocarbon paste electrode
The next mediator tested was 4-aminophenol (4-AP), the primary hydrolytic degradation product of paracetamol. 22 First, cyclic voltammograms ( Figure 6 ) were obtained in a solution containing 4-aminophenol and PBS (pH 7.5) using nanocarbon paste electrode at different scan rates (50-400 mV s −1 ). Similar to paracetamol, the process in this case is attributed to the two-electron oxidation of 4-AP to the corresponding quinone species:
The inset in Figure 6 shows that the peak current increased linearly with the square root of scan rate, suggesting a diffusional process of 4-AP at this electrode. The 4-AP diffusion coefficient value was estimated as being 4.62 × 10 -6 cm 2 s −1
. This is consistent with the value found in the literature (4.55 × 10 -6 cm 2 s −1
). 23 In order to investigate the reaction between the electrochemically generated quinone and glutathione, an experiment was carried out at a nanocarbon paste electrode using cyclic voltammetry (100 mV s −1 ). The cyclic voltammograms obtained in 4-AP solution in absence of glutathione show only the oxidation of 4-AP. The addition of glutathione led to an increase in the height of the oxidation peak and a decrease in the magnitude of the reduction peak indicating an electrocatalytic reaction, resulting in a similar behaviour observed of the reaction with acetaminophen.
The square wave voltammetry was also used. The experiment was carried out in the same conditions mentioned above. Figure 7 shows the square wave voltammograms of 4-quinoimine reduction in a presence of different concentrations of glutathione at nanocarbon paste electrode. The analytical curve obtained (inset The mediator 4-amino-2,6-dichlorophenol was next used to detect glutathione. In order to quantify GSH, the square wave voltammetry was carried out in the same conditions mentioned above. Figure 8 shows the square wave voltammograms of different concentrations of glutathione at nanocarbon paste electrode. The analytical curve obtained (inset Figure 8) , demonstrating that it is also possible to use 4-amino-2,6-dichlorophenol as a mediator to detect glutathione.
In a parallel experiment, it was observed that 4-amino-2,6-dichlorophenol accumulated inside the paste as shown in Figure 9 . This was studied by obtaining square wave voltammograms in a 40 µmol L −1 4-amino-2,6-dichlorophenol solution in the same conditions mentioned above. The voltammogram in Figure 9b corresponds to the reduction of quinone on a nanocarbon paste electrode. After that, the electrode was washed and transferred to PBS solution and the voltammogram in Figure 9c was obtained, where a clear reduction signal is seen. Then, the electrode was polished and transferred to PBS solution and the voltammogram in Figure 9d was obtained, where a little reduction signal is observed. Therefore, in this case, it is not possible to reuse the same paste after one experiment.
The same behaviour was observed when we used 4-amino-2,6-diphenyphenol ( Figure 10 ). Cyclic voltammograms were obtained in a 0.2 mmol L −1 4-amino-2,6-diphenylphenol solution and the voltammogram in Figure 10b corresponds to the oxidation of 4-amino-2,6-diphenylphenol on a nanocarbon paste electrode. After that, the electrode was washed and transferred to PBS solution and the voltammogram in Figure 10c was obtained, where a signal is seen, related to the 4-amino-2,6-diphenylphenol adsorbed into the paste. Then, the electrode was polished and transferred to PBS solution and the voltammograms in Figure 10d was obtained, where a signal was observed, also associated to 4-amino-2,6-diphenylphenol accumulated into the paste. For this reason, in this case, it is not possible to reuse the same paste after one experiment without surface renewal.
Conclusions
In this paper, we described the possibility of using different mediators such as acetaminophen, 4-aminophenol and, 4-amino-2,6-dichlorophenol and 4-amino-2,6- ). 24 We also investigated the preliminary accumulation of 4-amino-2,6-dichlorophenol and 4-amino-2,6-diphenylphenol inside the nanocarbon paste electrode, showing the possibility to explore the modification of the electrode with theses mediators.
